1
Objective. To characterize baseline gene expression and pharmacodynamically induced changes in whole blood gene expression in 1,760 systemic lupus erythematosus (SLE) patients from 2 phase III, 52-week, randomized, placebo-controlled, double-blind studies in which patients were treated with the BAFF-blocking IgG4 monoclonal antibody tabalumab.
Methods. Patient samples were obtained from SLE patients from the ILLUMINATE-1 and ILLUMINATE-2 studies, and control samples were obtained from healthy donors. Blood was collected in Tempus tubes at baseline, week 16 , and week 52. RNA was analyzed using Affymetrix Human Transcriptome Array 2.0 and NanoString.
Results. At baseline, expression of the interferon (IFN) response gene was elevated in patients compared with controls, with 75% of patients being positive for this IFN response gene signature. There was, however, substantial heterogeneity of IFN response gene expression and complex relationships among gene networks. The IFN response gene signature was a predictor of time to disease flare, independent of anti-double-stranded DNA (anti-dsDNA) antibody and C3 and C4 levels, and overall disease activity. Pharmacodynamically induced changes in gene expression following tabalumab treatment were extensive, occurring predominantly in B cell-related and immunoglobulin genes, and were consistent with other pharmacodynamic changes including anti-dsDNA antibody, C3, and immunoglobulin levels.
Conclusion. SLE patients demonstrated increased expression of an IFN response gene signature (75% of patients had an elevated IFN response gene signature) at baseline in ILLUMINATE-1 and ILLUMINATE-2. Substantial heterogeneity of gene expression was detected among individual patients and in gene networks. The IFN response gene signature was an independent risk factor for future disease flares. Pharmacodynamic changes in gene expression were consistent with the mechanism of BAFF blockade by tabalumab.
Systemic lupus erythematosus (SLE) is a multisystem autoimmune disease for which there is a substantial unmet medical need, despite improvements in overall management of the disease. Although the pathogenesis of SLE remains incompletely understood, multiple roles ClinicalTrials.gov identifiers: NCT01205438 and NCT01196091. Supported by Eli Lilly and Company. Dr. Alarc onRiquelme's work was supported in part by the Innovative Medicines Initiative Joint Undertaking (grant 115565) and European Federation of Pharmaceutical Industries Association companies in-kind contributions. 1 Robert W. Hoffman, DO, FACR, Ernst R. Dow, PhD, Ericfor B cells in the pathogenesis of the disease are well established, including the production of autoantibodies directed against self antigens, such as antinuclear antibodies (ANAs) and anti-double-stranded DNA (antidsDNA) antibodies (1, 2) . An important role for a B cellactivating cytokine known as B lymphocyte stimulator or BAFF, which is a member of the tumor necrosis factor superfamily, has been implicated in the pathogenesis of SLE as well as other autoimmune diseases and lymphoproliferative disorders, including lymphoma (3) (4) (5) (6) (7) . BAFF has a key role in B cell maturation and supports autoantibody production and disease development in animal models of SLE (3) (4) (5) (6) (7) . The levels of BAFF serum protein and messenger RNA (mRNA) have been reported to be elevated in SLE, with associations between BAFF mRNA levels and measures of disease activity (6, 7) . These and other findings led to the development and recent testing in SLE of 3 biologic treatments targeted to BAFF: belimumab, blisibimod, and tabalumab (8) (9) (10) (11) (12) . The monoclonal antibody (mAb) belimumab demonstrated efficacy in phase III trials in patients with SLE, using the SLE Responder Index 4 (SRI-4) as the primary end point (8, 9) . Blisibimod, a "peptibody," showed some signal of efficacy in a small phase II study (10) . The primary end point of achieving SRI-5 improvement with tabalumab was met in ILLUMINATE-2 but not in ILLUMINATE-1, both of which are large phase III clinical trials in SLE patients (11, 12) .
Studies of mRNA expression in SLE, using peripheral blood mononuclear cells or whole blood samples from SLE patients, have shown increased expression of genes responsive to interferons (IFNs), especially type I IFNs, which are known collectively as the IFN response gene signature (13) (14) (15) . Importantly, activation of specific IFN response gene(s) and the magnitude of their responses have varied between different studies of SLE. Aside from such studies in which the expression of various combinations of IFN response genes in SLE is described, the full characterization of peripheral blood gene expression has been limited (16, 17) . There has been no previous opportunity to acquire data for comprehensive gene expression profiling in cohorts of SLE patients as large as those from ILLUMINATE-1 and ILLUMINATE-2.
The current study examined baseline and pharmacodynamically induced gene expression changes in whole blood RNA from 2 phase III, 52-week, randomized, placebo-controlled, double-blind, parallel studies of 1,760 SLE patients treated with the BAFF-blocking IgG4 mAb, tabalumab. At baseline in both ILLUMINATE-1 and ILLUMINATE-2, 75% of SLE patients had an elevated IFN response gene signature. Those in both studies who had the IFN response gene signature had significantly more immunologic and hematologic system involvement, as defined by the Safety of Estrogens in Lupus Erythematosus National Assessment (SELENA) version of the Systemic Lupus Erythematosus Disease Activity Index (SLEDAI) organ domain score (18) . They also had a higher use of corticosteroids and immunosuppressant medication. There was significant heterogeneity of expression among individual IFN response genes and complex patterns of interactions in gene networks. The IFN signature was an independent predictor of the risk of disease flares as defined by the SELENA-SLEDAI flare index. Pharmacodynamic changes in gene expression occurred in immunoglobulin and B cellrelated genes, consistent with changes in anti-dsDNA, C3, and immunoglobulin levels and congruent with the mechanism of BAFF blockade by tabalumab.
PATIENTS AND METHODS
Study design and patient population. Control samples were obtained from healthy blood donors. Patient samples were obtained from SLE patients from ILLUMINATE-1 and ILLUMINATE-2, 2 phase III, 52-week, randomized, placebocontrolled, double-blind, parallel studies of the efficacy and safety of tabalumab in patients with moderate-to-severe SLE. Tabalumab is a fully human IgG4 mAb that blocks the activity of soluble and membrane-bound BAFF. In both treatment arms (tabalumab and placebo), standard-of-care therapy with immunosuppressive drugs that were being administered at the time of enrollment was continued throughout the trial (11, 12) . All patients met $4 of the updated American College of Rheumatology revised criteria for the classification of SLE (19) . A severe SLE flare was defined using the SELENA-SLEDAI flare index. The protocol was approved by the appropriate authorized independent review boards in accordance with the Declaration of Helsinki. All patients and control subjects provided written informed consent.
Blood collection and clinical laboratory analyses. Whole blood was collected in Tempus tubes (Thermo Fisher Scientific) at baseline, week 16, and week 52 (11, 12) . Total B cells were enumerated by flow cytometry (performed at Covance Laboratories). Complement components C3 and C4 and total serum IgA, IgM, and IgG were measured at Covance Laboratories. ANA and anti-dsDNA antibody testing was performed at Quest Laboratories. Baseline serum BAFF levels were measured using an assay that measures total BAFF, including soluble and membranebound forms, at Pacific Biomarkers.
RNA isolation, analysis, and hybridization. Total RNA was extracted from whole blood using a PerfectPure RNA Blood Kit as recommended by the manufacturer (Five Prime Therapeutics). RNA quality was assessed postextraction using RiboGreen (Life Technologies) and a Bioanalyzer RNA chip (Agilent Technologies). An Affymetrix WT Plus Reagent Kit was used for the preparation of complementary DNA (cDNA). Labeled cDNA was hybridized to the GeneChip Human Transcriptome Array 2.0 (HTA 2.0) according to the manufacturer's instructions.
Microarray analysis. The Affymetrix HTA 2.0 array with 70,753 transcript clusters was used for gene expression analysis. Annotation data were retrieved from Affymetrix NA34 build (www.Affymetrix.com). Only transcript clusters that represented a single protein-coding gene were considered in this analysis (n 5 19,818) (20) (21) (22) 
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Chemokine (C-X-C motif) ligand 10 3.64 3 10 correlation by mRNA expression profiling using a NanoString nCounter gene expression system (NanoString Technologies) (23) . Gene coexpression analysis. Weighted correlation network analysis (WGCNA), a standard approach to describing groups of genes whose expression is correlated (coexpressed), was performed (24, 25) . Briefly, preservation of modules between the group with a high IFN signature and the group with a low IFN signature was evaluated by Fisher's exact test. 
RESULTS
Characteristics of the patients studied. The samples studied were obtained from a subset of patients who participated in ILLUMINATE-1 (876 of 1,164) and ILLUMINATE-2 (880 of 1,124), including only those patients who had given written informed consent for genetic testing and for whom samples were available (11, 12) . The ILLUMINATE-1 patients studied were predominantly female (93% female and 7% male) with a mean age of 41 years (range 18-87 years). The majority of patients were Caucasian (67% Caucasian, 12% African descent, and 19% American Indian/Alaska Native). In ILLUMINATE-2, the patients were also predominantly female (92% female and 8% male), with a mean Figure 1 . Estimation of the interferon (IFN) response gene signature in 164 individual prespecified genes. A total of 1,760 patients (881 from ILLUMINATE-1 and 879 from ILLUMINATE-2) and 60 control subjects were studied. A and B, The 164 prespecified genes are represented on the x-axes; control subjects and patients are represented on the y-axes for ILLUMINATE-1 (A) and ILLUMINATE-2 (B). At least 3 broad patterns of gene expression can be visualized on both 164-gene expression heatmaps, although when reduced to a 34-gene signature this could be clearly discerned as high and low expression subgroups. C, Distribution of IFN response gene expression among patients and controls. Of the 1,760 patients studied, 75% had elevated expression of IFN response genes compared with healthy controls (see Patients and Methods for additional details). Data are depicted at the top as a box plot, where the box represents the 25th to 75th percentiles, the line within the box represents the median, and the lines outside the box represent the 10th and 90th percentiles. The diamond represents results from healthy controls. age of 43 years (range 18-83 years). Overall, the majority of patients were white (72% white, 14% African descent, and 10% American Indian/Alaska Native). Patients in both trials were stratified according to anti-dsDNA antibody status at the time of randomization. The treatment and placebo groups were well balanced in both studies, and additional demographic and baseline clinical features have been previously reported (11, 12) .
Baseline gene expression in SLE patients compared with healthy controls. The most significant differences at baseline in gene expression between SLE patients and healthy controls are shown in Table 1 , ranked in the order of fold difference. The top-ranked genes were IFN response genes. Baseline expression of other genes that strongly differentiated SLE patients from control subjects included those involved with immunoglobulin production, modification or binding, ubiquitination, and poly(ADPribose) polymerization. The number and magnitude of change of genes that were down-regulated in SLE patients compared with healthy blood donors were small. Supplementary Figures 1A and B) . Expression data were pooled from ILLUMINATE-1 and ILLUMINATE-2 and normalized using the mean of a set of housekeeping genes to account for a small study/array batch effect on gene expression. An IFN response gene signature was estimated from the pooled data using the first principal component derived from 34 of the highest covarying 164 IFN response genes. At baseline, 75% of the SLE patients in ILLUMINATE-1 ( Figure 1A ) and ILLUMINATE-2 ( Figure 1B ) exhibited increased expression of the IFN response gene signature compared with healthy controls ( Figure 1C ). NanoString confirmation of findings from HTA 2.0 exon array using probes for individual genes. The custom NanoString assays generated for this study were used to examine sequences from key probe sets on exon arrays (as opposed to full genes). There was a highly statistically significant correlation between mRNA expression using HTA 2.0 exon array and individual genes probed using NanoString (see Supplementary Figure 1 , available on the Arthritis & Rheumatology web site at http://onlinelibrary. wiley.com/doi/10.1002/art.39950/abstract). These results and published studies support the validity of findings for the HTA 2.0 exon arrays (23) .
Comparison of IFN response gene-positive and IFN response gene-negative subgroups at baseline. As shown in Table 2 , analysis of organ system involvement (as defined by SELENA-SLEDAI organ domain scores), complete blood count, and concomitant medication use between the IFN response gene-positive and IFN response gene-negative groups showed a number of statistically significant differences between the 2 groups. There were significantly higher proportions of patients with organ involvement in the immunologic and hematologic systems in the IFN signature-positive groups in both ILLUMINATE-1 and ILLUMINATE-2 at baseline. There was a slightly lower proportion of the patients with musculoskeletal system involvement in the IFN response gene-positive group in both ILLUMINATE-1 and ILLUMINATE-2. Numerically small imbalances in the proportions of SELENA-SLEDAI vascular and renal organ systems were present but were not consistently observed in both studies.
Coexpression analysis and the IFN response gene subnetworks characterized in SLE. The large size of this data set provided a unique opportunity to examine the relationships between expression of multiple genes at the individual patient level as well as the global gene coexpression relationships across the entire SLE population. A WGCNA-generated gene subnetwork is shown in Figure 2 (24,25) . The WGCNA produced a set of coexpression modules that significantly correlate with 3 key clinical end points (the type I IFN signature, SELENA-SLEDAI, and anti-dsDNA antibodies), and these are annotated by Gene Ontology terms including immune response, IFN signaling, and cell cycle (see Supplementary Results, available on the Arthritis & Rheumatology web site at http:// onlinelibrary.wiley.com/doi/10.1002/art.39950/abstract). A striking result from the coexpression analysis is the high degree of conservation of module structure across the IFN signature. Figure 2 shows a network of the most correlated genes among all SLE patients. These results demonstrate the previously unreported complexity of IFN response gene expression networks among individual patients and across the SLE population as a whole. There is complex coordinate expression of gene families, with large numbers of members that are highly expressed in SLE (30, 31) . Interestingly, in certain select cases, the connectivity is limited (e.g., IFIT2, USP41, HERC6, ZCCHC2, and USP18), while the connectivity for the others is extensive (e.g., MX1, OAS1, OAS2, and IFIT5) (see also Supplementary Material, available on the Arthritis & Rheumatology web site at http:// onlinelibrary.wiley.com/doi/10.1002/art.39950/abstract).
Association between high IFN-inducible gene expression at baseline and time to severe disease flare. Gene expression profiling results were compared with baseline clinical features to determine whether these could be used as prognostic biomarkers for clinical response. Results of analysis using a Cox proportional hazards model and backward elimination of IFN response gene profile expression and the other baseline measurements of race, geographic region, sex, SELENA-SLEDAI, C3, C4, and anti-dsDNA are shown in Table 3 . Baseline characteristics prognostic of time to severe flare events for ILLUMINATE-1 included the following: baseline higher disease activity measured by SELENA-SLEDAI (relative risk [RR] 7.3, P 5 0.0001), IFN response gene signature (RR 5.6, P 5 0.0015), presence of anti-dsDNA antibodies (RR 1.8, P 5 0.02), and low C3 level (RR 14.3, P 5 0.0005). The ILLUMINATE-2 study showed a similarly increased RR for SELENA-SLEDAI score (RR 35.5, P , 0.0001), IFN response gene signature (RR 5.9, P 5 0.0002), anti-dsDNA antibodies (RR 2.0, P 5 0.002), and geographic region (RR 1.84, P 5 0.01).
Taken together, these studies demonstrated that the IFN response gene signature was prognostic of future severe disease flares independent of other baseline patient covariates.
Stable IFN response gene expression over 52 weeks of study. No change was apparent in elevated gene expression profiles at baseline over the 52-week duration of the study in the placebo or tabalumab treatment group. This IFN signature was also not significantly down-modulated in patients who showed improvement in disease activity, regardless of treatment.
Gene expression profile at baseline does not predict the response to tabalumab. Whether examined as a single predefined gene or in multiple gene combinations, no associations between gene expression at baseline and the clinical response to tabalumab treatment (i.e., no tailoring biomarker was identified) were observed (data not shown). The IFN gene signature at baseline did not predict greater improvement at week 52 as measured by the primary end point (SRI-5) in placebo-treated or tabalumabtreated patients. When the analysis was restricted to those patients who received tabalumab, the responders did not have statistically significant differences in BAFF levels compared with the nonresponders (data not shown).
Pharmacodynamic gene expression changes are consistent with the predicted mechanism of action of BAFF blockade by tabalumab. A total of 410 statistically significant drug-induced pharmacodynamic changes in gene expression were identified. The 20 most significant of these posttreatment expression changes are summarized in Table 4 , listed according to the categories of immunoglobulin and B cell-related gene changes. As expected, some of these changes appeared to reflect the tabalumab-induced impact on the B cell number. For example, the CD20 cell number as enumerated by flow cytometry was significantly correlated with CD20/CD19 mRNA expression; however, Table 3) , and cell cycle associations were similarly observed in the WGCNA (see Supplementary Table 4 ).
DISCUSSION
ILLUMINATE-1 and ILLUMINATE-2 were global, phase III, 52-week, randomized, placebo-controlled, double-blind, parallel studies of patients with moderate-tosevere SLE treated with the fully human IgG4 BAFFtargeting mAb, tabalumab. The patients participating in ILLUMINATE-1 and ILLUMINATE-2 were predominantly white females with moderate disease activity and a mean disease duration of 9 years. Gene expression at baseline was similar to that observed in previous studies of SLE, demonstrating a statistically significant increase in expression of IFN response genes in 75% of the patients studied (13) (14) (15) (16) (17) . The genes with the greatest fold increase as compared with healthy matched controls were the IFN response genes. Previously published studies of SLE, although smaller in size, have also shown increased expression of IFN response genes, particularly in patients with more active disease and the presence of high levels of autoantibodies (13) (14) (15) (16) (17) . Observations from these 2 large, independent cohorts substantially extend those from previous studies by directly comparing IFN response gene signature-positive versus IFN response gene signature-negative groups among these 1,760 patients. Statistically significant associations were observed in both cohorts between the presence of the IFN signature and a cluster of clinical, immunologic, and laboratory manifestations of SLE at baseline (Table 2) .
In addition to the IFN response genes, other genes were highly expressed in the lupus population compared with healthy controls, including those genes involved with immunoglobulin production, immunoglobulin modification, immunoglobulin binding, ubiquitination, and poly(ADPribose) polymerization (Table 1) . This is consistent with lymphoid cell proliferation and high levels of autoantibody production seen in SLE and aligns with current views of the overall pathogenesis of SLE (1, 2) . Consistent with high expression of ubiquitination, recent genome-wide association studies have demonstrated an association between the IFN signature and select genotypes of the ubiquitin enzyme gene, UBE2L3, suggesting that this high-expression * Statistically significant pharmacodynamically induced gene expression changes following tabalumab treatment were observed for 410 genes and were consistent with the predicted mechanism of action of BAFF blockade impacting immunoglobulin genes, B cell-related genes, and other genes with immune function. The largest changes associated with treatment were observed in immunoglobulin-and B cell-related genes. The B cell-related genes and immunoglobulin genes that exhibited the largest overall fold changes from baseline to week 16 and from baseline to week 52 are shown. All results shown had an overall q value of ,0.00001.
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phenotype may be controlled by regulatory genes associated with SLE (30) (31) (32) (33) . The large size of the SLE data set presented here provides a unique opportunity to examine the relationships between the expression of multiple genes at the individual patient level and to examine global gene expression relationships across the entire SLE population (Figures 1 and  2) . We observed that although there are distinctive individual gene expression patterns, there is a network of strongly correlated genes, the majority of which have been identified previously as IFN response genes ( Figure 1 and Table 1 ). However, in select cases, the connectivity between these is limited when the WGCNA was used to construct and compare gene coexpression modules (Figure 2 and Supplementary Material, available on the Arthritis & Rheumatology web site at http://onlinelibrary.wiley.com/doi/10.1002/art. 39950/abstract). The expression of IFIT2, USP41, HERC6, ZCCHC2, and USP18 revealed limited connectivity, while connectivity with other IFN response genes was extensive.
Overall, a high degree of similarity of network connectivity was observed between the expression of these groups of genes in both the subgroup with high expression of the IFN response gene and the subgroup with low expression of the IFN response gene. These findings are consistent with those from a recent genetic association study demonstrating that transcriptional factors are highly represented among the susceptibility genes in SLE (33) and from a model in which aberrantly regulated gene networks, controlling expression of the innate and adaptive immune systems, are central to disease pathogenesis in SLE. The novel findings observed in the ILLUMINATE studies of complex gene networks in SLE are reminiscent of the gene networks observed in psoriatic skin lesions, in which mRNA transcripts from .1,000 individual genes have been shown to demonstrate coordinate expression in skin plaques and can be substantially modulated with highly effective therapy (34) .
In the current study, we took advantage of newly available technologic advances to provide a more detailed analysis of gene expression in SLE. The recently developed Affymetrix HTA 2.0 array allows for a rapid survey of relative expression of large numbers of gene transcripts using multiple probe sets (70,753 transcript clusters). In addition, to further support HTA 2.0 array results, a newly developed method for quantifying gene expression, NanoString, was tested (23) . We observed that there were highly significant correlations between mRNA expression using the HTA 2.0 exon array and regions of individual genes probed using NanoString (see Supplementary Figure 1 , available on the Arthritis & Rheumatology web site at http://onlinelibrary. wiley.com/doi/10.1002/art.39950/abstract) (23) . This highresolution expression data set may be of value to other investigators studying SLE using the data deposited into the Gene Expression Omnibus repository (35) .
The relationship between gene expression at baseline and future clinical response was also a focus of the current study. Results of the analysis using the Cox proportional hazards model and backward elimination of IFN response gene profile expression and the other baseline measurements of race, geographic region, sex, SELENA-SLEDAI, C3, C4, and anti-dsDNA are shown in Table 3 . In ILLUMINATE-1 and ILLUMINATE-2, the IFN response gene signature was an independent risk factor for severe disease flare (Table 3 ). In ILLUMINATE-1, the IFN response gene signature, the baseline SELENA-SLEDAI, the baseline C3 level, and anti-dsDNA were independent risk factors for severe flare. In ILLUMINATE-2, baseline SELENA-SLEDAI conferred the greatest risk ratio (RR 35), while the IFN response gene signature, anti-dsDNA, and geographic region conferred RRs of 5.9, 2.0, and 1.8, respectively (Table 3) . Taken together, these observations support the IFN response gene signature as being an independent predictor of clinical disease flare.
Although some previous reports have described an association between an IFN response gene signature and disease activity, subsequent studies have failed to consistently confirm these findings (36) (37) (38) (39) (40) . Comparison of published studies can be challenging due to differences in the patient populations and the methods defining the IFN gene response signature. Previous studies have varied regarding the specific IFN response genes that have been interrogated, the methods used to measure gene expression, and the scoring systems used to classify patients as IFN response gene signature positive or IFN response gene signature negative.
The current study provided the opportunity to address the relationship between disease activity and gene expression in a large, controlled clinical trial setting, using standardized approaches. In this study, the elevated gene expression profile seen at baseline for IFN response genes remained stable over the 52-week duration of the study in both the standard-of-care and tabalumab arms. Although the IFN response gene signature did not change with the modest effects of tabalumab or background standard-ofcare medication, it remains possible that it can be changed with therapies specifically targeting the IFNs or the IFN receptor, via blocking intracellular signaling by the IFN receptor or by robustly impacting other mechanisms involved in disease pathogenesis. Delineating the response in the IFN response gene signature-positive and IFN response gene signature-negative populations may lead to identification of patient subpopulations in which a precision-medicine approach can successfully be applied (35) .
The findings reported here are also consistent with recent observations of a genetic association between SLE and factors in the IFN pathway. They support the concept that the IFN response gene signature is a heritable risk factor for SLE and may be less sensitive as a disease activity measure (41, 42) . Consistent with this, high serum levels of IFNa have been shown to be a heritable trait in both SLE patients and their first-degree relatives (40, 41) .
Mechanistically, the data reported here are consistent with a model in which dysregulation of IFN expression in SLE, once initiated, tends to be self-perpetuating. This persistence of IFN expression could be the result of epigenetic changes that are induced in genes/regulator elements controlling expression of the IFN response genes. Also consistent with this model are the observations described herein and reported in the literature that expression of the IFN response gene signature is associated with more severe disease including disease flares, high levels of anti-dsDNA antibodies, and low serum complement levels (see Tables 2  and 3 ) (40, 41) .
A major focus of the current study was to determine which genes were modulated following tabalumab treatment. A total of 410 statistically significant druginduced pharmacodynamic changes in gene expression were identified. The 20 most significant of these are summarized in Table 4 and are categorized as B cellassociated and immunoglobulin-associated gene changes. As expected, some of these changes appear to reflect a tabalumab-induced pharmacodynamic impact on the B cell number. For example, the CD20 cell number as enumerated by flow cytometry was significantly correlated with CD20/CD19 mRNA expression, consistent with the observed decrease in IgG, IgM, and IgA levels and the decreased number of anti-dsDNA antibodies during treatment with tabalumab (11, 12) . However, changes in other transcripts (Table 4) were less clearly associated with B cells (see Supplementary Table 3 , available on the Arthritis & Rheumatology web site at http://onlinelibrary.wiley.com/ doi/10.1002/art.39950/abstract). For example, changes in mRNA transcripts that are associated with cell cycle and cell signaling were also detected. This is consistent with WGCNA modules associated with clinical correlates (Supplementary Table 4 , http://onlinelibrary.wiley.com/ doi/10.1002/art.39950/abstract), which also identified cell cycle module connectivity in addition to connectivity to humoral immune responses, antigen processing and presentation, and IFN pathways.
A limitation to the present study is that although pooled components of whole blood mRNA were interrogated using the HTA 2.0 array, and selective genes were confirmed using the alternative method of NanoString, only general inferences regarding the individual cellular sources contributing to the total pool of mRNA can be made. Currently, no published, broadly accepted, lineage-specific mRNA transcripts have been identified for immune cells, and therefore only general inferences can be derived from any study that examined whole blood mRNA (43, 44) . Identification and characterization of gene expression profiles for specific cell lineages would require correlation with alternative methods such as flow cytometry to enumerate the cell populations being studied (as was done on a limited basis in the current study) or ideally, by characterizing mRNA expression on flow cytometry-sorted cell lines or individual cells (45) . Characterizing mRNA for individual cell lines and/or single cells will be of considerable interest for future studies but remains technically challenging.
No association between changes in gene expression and the clinical response to tabalumab treatment was observed. Neither BAFF mRNA expression in whole blood nor the serum BAFF protein level predicted response to treatment with tabalumab.
This large study confirms increased expression of IFN response genes in SLE patients compared with healthy controls, with 75% of the patients participating in the tabalumab phase III trials having the IFN gene signature. In both studies, patients with the IFN signature had significantly more SELENA-SLEDAI scoredefined immunologic and hematologic system involvement, and more patients in the IFN response gene-positive group used corticosteroids and immunosuppressant medications. There was substantial heterogeneity of expression among individual IFN response genes, and complex relationships were identified among IFN gene networks. The IFN signature remained stable over 52 weeks of study and was not reduced when patients showed improvement. The high baseline IFN signature was an independent predictor of deterioration as measured by time to flare but did not predict improvement as measured by the SRI-5. Pharmacodynamic changes in gene expression associated with tabalumab treatment were extensive and occurred predominantly, although not exclusively, in B cell-related and immunoglobulin genes, consistent with changes in other pharmacodynamic markers including B cell number, anti-dsDNA autoantibody level, and serum immunoglobulin levels.
